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ABSTRACT 

This paper provides an insight into the detailed flow and temperature distributions 
in the Jet Fuel Thermal Oxidation Tester (JFTOT), a test device that has been used for 
many years to quantify the thermal stability of aircraff fuels. Though the JITOT has found 
wide application as a qualification test device, very little is known about the many 
intricacies and nuances of the JFTOT flow field. Of panicular interest is the possibility that 
variations in the flow field could be manifested in terms of changes in deposition on the 
JPTOT heater tube. To quantify the flow and temperature distributions, a three- 
dimensional numerical analysis is applied using the KIVA code. Also included in the 
analysis is a simpljjied model for jet fuel thermal degradation. Due to the limited ainount of 
quantitative data available from JFIDT experiments, the deposition model used in the study 
is a global type Arrhenius equation with "calibration" data derived from tests with the Fiber 
Optic Modified JITOT (FOM-JFTOT). 

NOMENCLATURJ3 

ai 
Ad Anhenius preexponential factor 
A, exitflowarea 
Ai inletflowarea 
D characteristic diameter 

constants in temperature curve fit 
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Ed Arrhenius activation energy 
i grid representation of r 
j grid representation of 0 
k grid representation of z 

K deposit thermal conductivity 
1 startinglength 
r radialdirection 
ri innerradius 
ro outerradius 
Ar 
ReD Reynolds number based on hydraulic diameter 
I time 
T temperam 
u, radial velocity component 
uz axial velocity component 
ug azimuthal velocity component 
z axialdirection 
0 azimuthaldirection 
T deposit thickness 

ro - rj ; channel width 

INTRODUCTION 

Thermal stability of jet fuels is a research area which has received significant attention 
for more than 30 years. Current interest in the field is high due to the prospects for future 
thermal stability challenges. These challenges arise primarily from the practice of using 
fuel to cool critical on-board aircraft systems. Large thermal stresses on the fuel are the 
consequence of this practice, and this condition is expected to worsen with increasingly 
sophisticated aircraft design. To further aggravate the problem, crude stock quality is 
expected to decrease in the future with possible deleterious effects on fuel thermal stability 
(1). At this juncture it has become critical to better understand the mechanisms that affect a 
fuel’s thermal stability. The consequences of failing to gain a better understanding of 
thermal stability could include limiting aircraft performance envelopes for lack of suitably 
stable fuels. 

A long standing tool of the thermal stability researcher is the Jet Fuel Thermal 
Oxidation Tester (JFTOT). This device has long been used by laboratories in the 
qualification of jet fuel thermal stability. Full details on the test procedures are not 
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necessary for the current discussion but can be found in the literature (2,3). A qualification 
test for a typical aviation fuel such as JP-4, JP-5, or JP-8 consists of flowing the given fuel 
around an electrically heated tube for a period of 150 minutes at a peak heater tube 
temperature of 260OC. The test is evaluated by comparing the color of the deposit on the 
heated tube to a standard reference. A numerical value or rating is assigned to the test 
results based on the tube coloration. Based on th is  rating a fuel either “passes” or “fails” 
the test. Unfortunately, the qualification test yields little or no data which can be used to 
better understand the various detailed mechanisms contributing to the degradation of fuel 
within the device. 

In an attempt to try to increase the research value of ETOT testing, variations on the 
standard qualification test have been devised (4). A common practice is to run tests at 
progressively higher tube temperatures until a “failure” is recorded. The temperature at 
which a fuel “fails” the test has been designated as the Breakpoint Temperature. Though 
this type of test certainly has more value than the qualification test, it still provides little 
infomation which could be valuable in the study of detailed degradation mechanisms. 

Recent attempts have been made to try to quantify the results of JFI’OT tests in tenns 
which are more valuable to researchers (4-6). These tests have focused on examining the 
effects that various subprocesses have on the overall deposition process. Among the 
factors examined in these studies are fuel flow rate, tube temperature, and heater tube 
metallurgy. One of the more interesting results taken from the tests of Warner and Biddle 
(4) was a marked azimuthal asymmetry in the deposition on the tube. This trend was 
repeated in subsequent testing and is believed to be strongly linked to the complex flow 
field which exists within the m O T .  Therefore, an exercise which may help to elucidate 
deposit mechanisms within the R O T  is a determination of the detailed flow field within 
the device. The work presented here is focused on obtaining a description of the flow field 
within the JFTOT. 

, 

TFTOT GEOME2XY AND BOUNDARY CONDlTIONS 

TFTOT Geomeq 
A thorough understanding of the JFTOT geometry is necessary to comprehend the 

results which will be‘subsequently presented. The JFTOT is intended to be a simple 
flowing device for the qualification of jet fuels; however, a close examination of the flow 
passage reveals much about the m O T  flow which is not simple. The Reynolds number at 
the tube entrance, based on the hydraulic diameter, is ReD 5 13. This Reynolds number 
places this flow f i i y  in the domain of laminar flow. The low Reynolds number is a 
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! product of both the low flow rate through the JFTOT (3 &nh) and the small annular flow 
channel (Ar < 1 nun). A schematic representation of the JFTOT is provided as Figure 1 to 

aid in demonstrating this point; also, the coordinate system (cylindrical) which is utilized 
for all subsequent discussions is provided as Figure 2. 

The primary flow direction in the JFTOT is the axial (+z) direction; however, the 
flow is not a simple annular pipe flow as one might expect. Complexities arise in the 
J m T  flow which are directly attributable to the orientation of the fuel inlet and exit. The 
fuel enters the JFTOT in the'radial direction; consequently, the entry is normal to the 
primary flow direction (+z) .  This orientation of the flow, as it is introduced to the JFTOT, 
then provides a great deal of complication to the otherwise simple flow field. Also note that 
the entering flow impinges on a step in the JFTOT tube which further complicates the flow. 
Therefore, components of velocity in the r and 8 directions in the lower region of the tube 

are introduced by the incoming fuel. 
The flow is similarly perturbed by the fuel exit which is again situated normal to the 

0 
primary flow direction. Since the JFTOT flow is elliptic in nature, the influence of a 
downstream disturbance will be manifested upstream of the exit; therefore, the effects of 

the exit orientation should be apparent in the region of the JFTOT upstream from the exit. 
Also, in a manner similar to the entering flow, the exiting flow must flow past a step on 
leaving the flow channel. 

A further element complicating the JFTOT geometry is the respective orientation of 
the inlet and exit planes. The fuel is introduced in the -r direction at the location 8 = Oo, 
while the fuel exits in the +r direction at the location 8 = 90". Therefore, there is a 90" 
rotation in the azimuthal plane from the inlet to the exit and an azimuthal (e) component of 
velocity must be introduced to the flow to account for this rotation. In light of the previous 
discussions, it should now be apparent that the flow in the JFTOT is three-dimensional and 
quite complex, and the analysis of the flow field is not a trivial problem. 

Boundarv Condmons 
. .  

One aspect critical to the determination of the JFTOT flow field is the application of 
proper boundary conditions. The primary quantities of interest are the velocity components 
and the fuel temperature. The following boundary conditions apply at the tube inlet: 
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Conditions at the tube exit ( r  = ror 8 = 90°, z = 0.06 m) are determined by the code and are 
unspecified at the outset. However, there is a constraint that the exiting velocity be in the 
t r  direction. 

At the outer radius of the tube (excepting the inlet and exit), the following conditions 
&ly: 

r = ro = 2.3125~10-~  m 
u r = u e  = u Z = O  
T = Tamb = 300 K 

Admittedly, the temperature boundary condition at the outer radius is likely incorrect. In 
reality, the outer surface is exposed to ambient air, but it is certainly heated by both 
conduction through the test apparatus and convection from the heated fuel. However, since 
no reliable measurements of the outer housing temperature were available, the boundary 
was fued at the ambient air temperature. 

Finall;, at the inner radius (JFTOT heater tube outer surface) the following conditions 

apply: 

Note that the ASTM (3) description of the JFTOT test provides axial temperature profiles 
along the heater tube. There is no azimuthal variation in these prescribed temperature 
profiles. For the particular case modeled in this study (maximum heater tube temperature 
of 550°F), a curve fit of the heater tube temperature profile was employed with the 
following form: 

T(K)  = a1 + (122 + a3z2 + adz3 4) 

where z is in mm and the constants ai are 

(11 = 519.6 K 
(12 = -3.676 Klmm 
a3 = 0.2718 Wmmz 
a4 = -0.003857 K / m 3  
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NUMERICAL MODEL 

-tauonal Flud Dvnamcs 
The fluid flow in the JFTOT was modeled using the KIVA code developed at the Los 

Alamos National Laboratory. The partial differential equations solved in the KIVA code 
are the Navier-Stokes, conservation of mass, and internal energy equations. The code is 
both three-dimensional and transient. For these calculations, JP-5 fuel was the fluid of 
interest; consequently, temperature dependent curve fits of the fluid properties were derived 
from existing data (7) and implemented into the code. Details of the numerical scheme 
employed in the code can be found in the literature (8-12), and their inclusion here is 
unnecessary. 

The computational grid applied to the given problem is shown in Figures 3 and 4. 

Figure 3 shows a three-dimensional representation of the grid which consists of 8 radial 
cells, 24 azimuthal cells, and 24 axial cells (4,608 total cells). The coordinate orientations 
are supplied in the figure, as are. the general locations of the fuel inlet and exit. Figure 4. 
which depicts an r-0 plane of the grid, further clarifies the geometry. Fuel is inlet in the 
azimuthal (j) cells between j = 3 and j = 7. The fuel exits between celIs j = 9 and j = 13. 
Logically, the inlet is at the bottom of the computational grid at axial (k )  cells k = 1 and k 
=2, and the exit is at the top of the computational grid at k = 24 and k = 25. All fuel enters 
and exits the flow domain at the outer radius which corresponds to the radial (i) location i = 
9. By specifying the inlet and exit regions in this manner, the correct flow areas of Ai =A,  
= 4.91~104 m* are preserved in the model. 

Jet Fuel T’hmnal Deaadation 
The calculation of jet fuel thermal degradation, in terms of a deposit thiclmess on the 

JFTOT heater tube, was accomplished separately from the KIVA code. A number of 
assumptions were made regarding the deposition on the heater tube; primarily that the 
deposition was solely a function of the temperature at the depositlfuel interface and that the 
local flow field had no effect on the deposition. Due to a severe lack of quantitative 
deposition data from the JFTOT, a simple global Arrhetiius expression was used to model 
the accumulation of deposits on the heater tube. The expression governing deposit growth 
is given by 

5 )  
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The preexponential factor (Ad) and activation energy (Ed) were determined from data 
provided by Warner and Biddle (4) with the Fiber Optic Modified JFTOT (FOM-J€TOT). 
From this data the following constants for the preexponential factor and activation energy 
were determined: 

Ad = 155,970 m/S 
Ed = 19,920 K 

The temperature used in Equation 5 is the temperature. at the fueVdeposit interface. This 
temperature is determined by analyzing the following energy equation for heat transfer in 
the deposit layer: 

The boundary conditions for this equation, which is solved separately from KIVA, are 
taken from the KIVA temperature field for a given time step in the calculation. 

RESULTS 

JFTOT How Field 
Though the KIVA code calculates the flow field in a transient sense, all of the velocity 

vectors and temperature contours displayed are for an instant in time subsequent to the 
system achieving a steady state. The first depiction of the flow field is provided as Figure. 
5 .  On the lefi are contours of the fluid temperature and on the right are velocity vectors. 
The three slices of the flow field shown are r-0 planes at the bottom (z = 0). mid-height (z 
= 0.03 m). and top (z = 0.06 m) of the flow domain. Note the orientation of the inlet and 
exit with respect to the plots which are shown (refer to Figures 3 and 4). 

First considering the plots of the isotherms, note that for each plot the minimum and 
maximum temperatures are given below the figure and the contours are evenly spaced 
throughout the given temperature. range. At the bottom of the domain note how the contour 
lines are bunched near the surface of the tube on the side corresponding to the fluid inlet. 
This bunching indicates steep thermal gradients and is a consequence of the entering fluid. 
On the side of the tube opposite from the inlet, note how the contour lines are much more 

widely spaced indicating the penetration of thermal energy into the flow. This is a 
consequence of the nearly stagnant flow in this region of the domain. 
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The temperature contours at the mid-height appear to be evenly distributed both 
radially and azimuthally. This is apparently because the thermal energy has sufficiently 
penetrated the fuel to eliminate any significant radial or azimuthal variations in the 
temperature field which were caused by the inlet. Furthermore, at this plane the flow is 
farthest from any of the influences which tend to perturb the flow (i. e., the inlet and exit). 
Moving to the exit, the contours are evenly spaced excepting the region where the fuel is 
exiting. At the exit, the contours appear to be stretched by the Muence of the exiting flow. 

Before discussing the velocity vectors depicted in Figure 5,  some explanatory notes 
are necessary. First, since these depictions are r-Oplanes, no axial velocity component is 
visible in these plots. Second, the plot routine scales the vectors independently for each 
plot; thenfore, the length of the vectors is an hdicator of velocity magnitude only for a 
given plot. The magniNdes of vectors are nor directly related from plot to plot. 

In the plot at the bottom of the domain, the influence of the incoming fluid can clearly 
be seen. There is an expected high radial component of velocity near the inlet, and there is 
also a high azimuthal velocity away from the inlet. However, on the side of the tube 
opposite the inlet the radial and azimuthal velocity components are very small. Moving to 

the mid-height, the flow is considerably more complex. Even at the mid-height, the 
influence of the exit can already be seen in terms of an outward radial component of 
velocity. However, note that the magnitude of these vectors is approaching the limits of the 
code's numerical accuracy. Directly opposite the azimuthal location of the exit, the 
azimuthal velocity component is again very small. Away from this location in both 
directions is a large azimuthal component of velocity. In some regions, there is also 
evidence of recirculation. 

Finally, moving to the tube exit, the flow appears to be much more well ordered. 
There is a strong outward radial component of velocity at the exit, and there is also a 
s igdcant  azimuthal component of velocity on the side of the tube corresponding to the 
exit. However, on the opposite side of the tube, both the radial and azimuthal velocity 
components appear to be minute. 

Moving to another view of the flow field, Figure 6 depicts radial profiies of 
temperature and axial velocity at the same axial locations used in Figure 5.  Note that each 
of the plots in Figure 6 is at the azimuthal location corresponding to the fuel exit (0 = 90"). 
In the three temperature plots, the penetration of thermal energy can be seen progressively 
as one moves up the tube. At the bottom of the tube, there is a large radial gradient in 
temperature near the heater tube surface, and this effect is diminishing at the mid-height. At 
the tube exit, the slope is in fact very shallow, indicating a low rate of heat transfer to the 
fluid. 
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The velocity plots show basically an expected result. Note that the influences of 
radial and azimuthal velocity components are not present in this figure. At both the bottom 
of the tube and the mid-height, the velocity profiles are basically parabolic. This is the type 
of behavior that would be expected in a developed laminar pipe flow. Note that for laminar 
pipe flows, the length required for a flow to develop is approximately 

/ = 0.058 Reo D 7) 

which for ReD C 13 equates to approximately 0.750 (13). Assuming D is the hydraulic 
diameter, the entire length of the JlTOT is approximately 1600. This implies that the flow 
becomes developed a short distance from the inlet. Admittedly, the geometry of the JFTOT 
is not the specific geometry to which this relationship applies; however, even if this 
relationship were in error by two orders of magnitude, the flow would still be developed at 
the tube mid-height. Finally, the profiie at the top of the domain appears to have an 
anomaly at the outer radius where the velocity is not zero. This is simply due to the 
presence of the fuel exit. 

The final figure of the flow field is given as Figure 7. This plot depicts the velocity 
vectors in an r-z plane of the flow domain. The plot on the left represents the azimuthal 
positions corresponding to the exit (e = 90" and 270") and the plot on the right represents 
the positions corresponding to the inlet (e = 0" and 180O). At the inlet (0 = OO), the 
influence of the entering fluid can clearly be seen, as can the flow stagnation in all other 
regions. Through the middle section of the tube there is little to note. Due to the great 
magnitude of the axial velocity with respect to the radial velocity (u,/u, >> 1) in most 
regions of the flow field, the influence of the radial velocity is not apparent . Finally, at the 
exit (e= 90') the influence of the exiting flow is evident, and the flow is basically stagnant 

in all other regions. 

Jet Fuel Thermal De=- 
The results of the calculation of deposit thickness on the JlTOT heater tube are given 

in Figure 8. Axial profiles of both the deposit thickness and wall temperature are shown. 
The results clearly show that the growth of the deposit layer follows the increase in wall 
temperature along the tube length. One would certainly expect this when considering that 
the model for deposit growth is based solely on'the temperature of the fuevdeposit interface 
(Equation 5 ) .  The maximum deposit occurs at the location oft'fie maximum temperature, 
and the maximum deposit thickness of 0.13 pm compares favorably with the measured 
value of 0.14 pn (4). It appears that this deposition model does a reasonable job of 
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approximating the JFTOT deposition for the specific case for which it was devised. 
However, its applicability to any other thermal stability experiments is questionable, and 
further studies would have to be accomplished to make any determination. 

The premise that the local fluid flow has no influence on the deposition process is 
most certainly incorrect. Though many experiments have substantiated the sigruficant role 
that surface temperature plays in the deposition process, it is not the sole contributing factor 
in jet fuel degradation. Some models have recently been presented that have addressed the 
issue of including multiple reaction steps in the degradation chemistry and allowing for the 
influence. of fluid flow and bulk fuel temperature on the overall deposition process (14-16). 
However, the complexity of these models was beyond the scope. of the current modeling 
effort, which was primarily focused on a determination of the J R O T  flow field. 

CONCLUSIONS AND RECOMMENDATIONS 

The results presented here have clearly demonstrated that the flow field in the JFTOT 
is quite complex. Due to the orientation of the flow inlet and exit, elements of flow in the 
radial and azimuthal directions are evident throughout the entire flow field. If one assumes 

that the flow field has some bearing on the deposition process, this complication of the 
flow could have a significant effect on the deposition observed on the JFTOT heater tube. 
However, the effects that the radial and azimuthal flow disturbances have on the deposition 
are. not clear. 

Further experimental efforts are. necessary to elucidate the various mechanisms of 
fuel thermal degradation. Both the complex degradation chemistry and the effects of fluid 
mechanics and heat transfer must be addressed to better understand the overall deposition 
process. The most difficult task appears to be designing experiments that can isolate 
particular chemical and transport processes. Clearly the JFTOT is not such a device. Even 
though the JETOT has been of great value in the qualification of fuel thermal stability, its 
use as a research tool is of questionable value. 
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T Heater Tube J R O  

Figure 1 : Schematic Repmentation of the 
JlTOT (Not to Scale) 

Figure 3: Three-Dimensional View of 
8 x 24 x 24 Computational Grid 

Z 

P 

Figure 2 Cylindrical Coordinate System 
Used in KIVA Calculations 

Fuel Exit 
E 

j =  I 1  

j = 9  

Figure 4: Top View of Computational Grid 
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Figure 5: Calculated Temperature Contours and Velocity Vectors at 
the Bottom, Mid-Height, and Top of the JFTOT 
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Figure 6 Calculate Radial Temperature and Axial Velocity Profdes at 
the Bottom, Mid-Height, and Top of the J R O T  
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Figure 7: Calculated Velocity Vectors in the r-z Plane for Azimuthal 
Positions Corresponding to the Fuel Inlet and Exit 

---t Wall Temperature 00 

Axial Location (m) 

Figure. 8: Pxedicted Axial Profdes of Deposit Thickness 
and Wall Temperature in the JFTOT 
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